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Abstract 
A major problem in modern dendrochronology is that the methods traditionally used for linking tree 
ring growth data to climate records are not well suited to reconstructing low-frequency climatic variations. In 
this study, we explored the alternative Ensemble Empirical Mode Decomposition to detrend tree-ring records 
and to extract climate signals without removing low-frequency information. Tree cores of Pseudotsuga 
menziesii var. glauca (Mayr.) Franco were examined in a semi-arid forest in southern interior British 
Columbia, western Canada. Ring width data were decomposed into five oscillatory components (intrinsic 
mode functions, IMFs) of increasingly longer periodicities. IMF 1 was considered white noise, IMF 2 was 
used to create the first diameter growth index (DGI-1), IMF 3 and IMF 4 were combined to create the second 
diameter growth index (DGI-2), whereas IMF 5 and the residual term together were considered as the trend 
term. The highest significant cross-correlations between DGI-1 and the NAOAugust, NIÑO12May, and 
PDOJanuary indices were found at 1-year lags. DGI-2 had positive and persistent correlations with NAOJune and 
PDOMay at 0 to 3 years lags, and with NAOMay at 2 and 3 years lags. Our results indicate that periods of slow 
growth in the tree ring record matched periods of drought in the North American Pacific Northwest. Such 
water limiting conditions are likely caused by oscillatory patterns in the Pacific Ocean sea surface 
temperatures that influence precipitation in the Pacific Northwest. These drought events are likely 
exacerbated by changes in winter precipitation (snowpack) related to oscillations of the Atlantic Ocean sea 
surface temperatures, highlighting the ecological effects of both oceans on terrestrial ecosystems. Such 
relationships could not be easily found by traditional tree-ring analysis that remove some of the 
low-frequency signal, and therefore we suggest Ensemble Empirical Mode Decomposition as an additional 
tool to establishing tree growth-climate relationships. 
 
Keywords: Growth-climate relationships; Ensemble Empirical Mode Decomposition (EEMD); 
Dendroclimatology, Decadal climate oscillations, Low-frequency climate oscillations. 
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Introduction 
A major problem in modern dendrochronology is that the methods traditionally used for linking tree ring 
growth data to climate records are not well suited to reconstructing low-frequency signals of climatic 
variability (Shi et al., 2012). However, quantifying such relationships is a key step for reconstructing past 
climate and for exploring ecosystem response to climate variability (Chhin et al., 2008). Therefore, 
alternative analytical tools are needed that allow for the study of the influences of global, low-frequency 
climate oscillations on ecological processes in forests around the world.  
In the North American Pacific Northwest region (PNW), Watson and Luckman (2001; 2005) have 
summarized the dendroclimatology research and reconstructed annual precipitation and past summer 
temperatures in the Canadian Rockies. Tree ring responses to climatic anomalies and insect outbreaks have 
been examined for the region (Zhang et al., 1999; Zhang et al., 2004). Bower et al. (2005) used ring 
attributes (width, density, and mass) and their relationships with soil moisture deficit during growing seasons 
to build a drought response coefficient for Douglas-fir (Pesudotsuga menziesii (Mirb.) Franco). Peterson and 
collaborators conducted a series of studies to examine the effects of climatic variability during the 20
th
 
century on the growth of lodgepole pine (Pinus contorta Doug.) and Douglas-fir along an elevation gradient 
in the North Cascades of USA (Case and Peterson, 2005; Case and Peterson, 2007). Lo et al. (2010a; 2010b) 
found that lodgepole pine, Douglas-fir, and hybrid white spruce (Picea glauca x engelmannii) growth 
responses to climate were different depending on the biogeoclimatic zones where the trees grew in interior 
British Columbia (BC), Canada.  
However, all the studies mentioned above explored the relationship between stem radial growth and 
relatively short climatic signals (e.g. different lags of monthly or yearly averages of temperature, 
precipitation, drought indices, etc.). Short-term weather patterns certainly influence vegetation growth, but 
the influence of longer-term climate variability has been more difficult to relate to tree growth. This could be 
problematic when studying global climate change, as we must consider the contributions from both natural 
and anthropogenic forcings at longer time scales (Huang and Wu, 2008; Wu et al., 2008).  
At multi-annual scales, climate oscillations are related to changes in ocean temperatures (Hurrell, 1995). 
Changes in sea surface temperature (SST) are directly linked to changes in air temperature and precipitation 
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patterns on land masses (Rodwell et al., 1999). Given the oceans´ geographical complexity and 
interconnectivity, combined with the oceans´ massive latent heat capacity, there are important lags and 
inertia in SST changes. Combined with the existence of global atmospheric wave-like patterns, several 
multi-year quasi-periodic oscillatory patterns have been identified in all of the oceans, such as the El Niño–
Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and the North Atlantic Oscillation 
(NAO), among others. Previous studies based on tree ring chronologies from western North America have 
found significant relationships between tree ring width and PDO (Biodin et al., 2001; MacDonald and Case, 
2005), using refinements of traditional dendroclimatological methods.  
The current data analysis paradigm in dendroclimatology has two main components: detrending and time 
series analysis. Detrending is the key step in successfully separating the climatic signals and their effects on 
tree growth from the non-climatic growth trend (Fritts, 2001). Traditionally, detrending is accomplished by 
fitting an a priori chosen function to tree-ring series. The current paradigm has several limitations. First, 
external information is injected into the data during the detrending process by imposing a subjectively 
chosen function into the data series to remove the non-climatic, age-related growth trend. Second, to use the 
established time series analysis methods, the paradigm also assumes that the data are linear and stationary. 
However, most of the data in nature are neither linear nor stationary (Huang and Wu, 2008; Shih et al., 2014), 
and as a result potential valuable information could be removed by traditional detrending, particularly for 
changes in long time scales that could be related to the multiannual to multidecadal oscillation in climate. An 
alternative is ensemble empirical mode decomposition (EEMD), a method specially designed for analyzing 
non-linear and non-stationary data. As an improvement of empirical mode decomposition (EMD), it is an 
adaptive method based on and derived from the data set itself, and therefore it is highly efficient (Wu and 
Huang, 2009). From high to low frequencies, a time series is decomposed into a set of oscillatory 
components (the intrinsic mode functions, IMFs) and a residual term. Applied to dendrochronological data, 
the residual term captures the non-oscillatory trends in tree growth, such as the age trend (Zhang and Chen, 
2016) and therefore no subjectively chosen functions are needed to capture the trend growth , whereas the 
IMFs indicate periodic influences on tree growth (Guan et al., 2012). However, the physical meaning of each 
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IMF is not always clear. Detailed descriptions of EMD/EEMD can be found in Huang et al. (1998), Huang 
and Wu (2008), and Wu and Huang (2009).  
EEMD is a technique developed in the last 20 years, with the works of Huang and collaborators (cited 
above) describe the theoretical advantages of EEMD over traditional time series analysis and its limitations, 
as well as its application in different technical fields. In dendrochronology, the practical advantages of 
EEMD versus traditional detrending techniques have already been explored (Fang et al., 2013; Zhang and 
Chen, 2016). Their results show that while the EEMD-generated chronologies were almost the same to the 
ones generated by traditional techniques, EEMD has better capacity to retain more low-frequency signal. 
EEMD has been applied to dendroclimatological studies to better explore the relationships between climate 
and tree growth or to isolate the growth trend (Zhang et al., 2008; Shi et al., 2012; Shi et al., 2014). Guan et 
al. (2012) used EEMD as a detrending method to preserve lower-frequency signals in a relatively short time 
series and was able to detect the influence of PDO on height growth of Taiwan spruce (Picea morrisonicola 
Hay.). Guan (2014) also applied EEMD to demonstrate the close correspondence between tree flowering 
phenology and weather records in Europe.  
These cited works show the potential of EEMD as an complementary tool to explore ecological and 
particularly dendrochronological ecological time series. However, in our knowledge an assessment of how 
much temporal variability in tree growth at local scales can be related to low-frequency signals kept by 
EEMD is still missing from scientific literature. In addition, dendroclimatological studies usually leave an 
important part of the variance in tree ring data unexplained. Therefore, the objective of this research was to 
quantify the variability in tree-ring width series detrended with EEMD that can be explained by multi-annual 
quasi-periodic climate variations. To do so, we re-analyzed a tree-ring dataset previously studied by Lo et al. 
(2010b) with traditional dendroclimatological techniques, and estimated the influence of inter-annual to 
decadal climate variability on tree ring width using EEMD as the detrending method.  
We applied EEMD to Lo et al.´s (2010b) data from Douglas-fir forests in interior British 
Columbia, the same dendrochronological data described in Lo et al. (2010b). These forests were 
selected as these are found in a dry climate and therefore better suited to express inter-annual changes 
in growing conditions due to climate variability in their tree ring annual growth. Additionally, there is 
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a wealth of information on Douglas-fir, helping to understand the ecophysiological influences of 
climate on annual tree growth, and particularly previous studies in the target forests (Lo et al. 2010a, 
b) also facilitate understanding the ecophysiology of thes eforests and allow for comparison between 
detrending approached. Finally, previous research has shown that Douglas fir is the most climate 
sensitive species in the study region (Case and Peterson 2005, Lo et al. 2010b), therefore making it 
the most suitable species to try a new technique to look for influences of climate on tree growth. 
Revisiting Lo et al. (2010b) tree ring data allowed for the comparison in variability explained by traditional 
and EEMD methods. Lo et al. (2010b) presented a multivariate model which significantly explained 43% of 
the annual variation in Douglas-fir tree ring width at an arid site in interior BC by including annual 
precipitation, May precipitation, previous July temperature, and July potential evapotranspiration. Monthly 
PDO values were also included in the same analysis, but not detected as significantly correlated with tree 
ring width. We hypothesized that part of the previously unexplained variance by Lo et al. (2010b) in 
Douglas-fir annual ring width was significantly influenced by quasi-periodic oscillations in SST, but the 
removal of low-frequency signals by traditional detrending (i.e. using exponential or spline methods) could 
have hidden significant relationships with low-frequency climate oscillations.  
 
Material and Methods 
Study site 
The study site was located in Tolko Industries Ltd’s Tree Farm License 49 in the Okanagan Valley, near 
Westwold (50°22' N, 119°56' W, 1130 m a.s.l., Fig. 1). Mean annual precipitation in the area is 352.3 mm, 
and mean annual temperature is 6.1°C, with mean July temperature 19.1°C and mean December temperature 
–2.9°C (Fig. 2). The average temperature is below 0°C for 2 to 5 months and above 10°C for 3 to 5 months. 
Twenty to 50% of the precipitation falls as snow (Hope et al., 1991). Substantial growing season moisture 
deficits are common (Fig. 1). The study was placed in the biogeoclimatic zone of Interior Douglas-fir (IDF), 
in the IDFdk1 variant (dry and cool) (Pojar et al., 1987). The IDF zone dominates the low- to mid-elevation 
landscape of south-central interior BC at altitudes of 600 to 1,400 m a.s.l. This ecological zone also extends 
south into Washington, Oregon, Idaho, and Montana, and east into Alberta. The IDF zone has a continental 
Lo et al. (2017) Canadian Journal of Forest Research. 47:371-381  7 / 29 
 
climate characterized by warm, dry summers, a fairly long growing season, and cool winters. The main 
factor controlling the climate is the rain shadow created in the lee of topographic barriers (the Coast, Cascade, 
and Columbia mountains) to the prevailing easterly flowing air. The most abundant tree species is interior 
Douglas-fir. Other species present are lodgepole pine and hybrid white spruce. Douglas-fir is also the most 
sensitive one among the three species to climate variability (Case and Peterson, 2005; Lo et al., 2010a; Lo et 
al., 2010b), and therefore cores from this species were selected for the study.  
 
Diameter growth data  
Data used in this study were a subset of the tree growth analysis data collected in 2003 (Lo et al., 2011). 
Sampled trees were deliberately located on zonal or mesic sites (but still in an arid climate), in which soil 
moisture experienced by trees is dominated by local precipitation and climate-induced water balance. This 
strategy was adopted in order to characterize the response of the majority of the tree populations within the 
IDF zone, and not just a selection of trees on the driest end of the soil moisture gradient. The average DBH 
of the selected trees was 53.9 ± 9.2 (mean ± s.e.) cm and the average height was 30.4 ± 6.1 m. One core per 
tree was taken at breast height (~ 1.30 m). Cores were air-dried, soaked in an acetone solution for 24 hours to 
remove the extractives, and then air-dried again. Cores of poor quality (e.g., fragmented, rotted, or not 
cross-datable) were excluded. Annual tree ring widths were measured in an X-ray densitometer (model 
QTRS-01X, QMS, Quintek Measurement Sys. Inc., Knoxville, Tennessee, U.S.A.), and visual crossdating 
was confirmed with the COFECHA software (Grissino-Mayer, 2001). Cores with correlation with the master 
series lower than 0.45 were removed from the analysis. As a result, 40 cores with first ring dated in 1900 or 
earlier were used, to create a tree-ring chronology spanning from 1788 to 2003. Average annual tree ring 
width series was used for subsequent analyses.  
As high quality and reliable climate data from western North American weather stations are available only 
since 1950, we limited our tree ring width data series to the period 1950-2003 (Fig. 2). For this period, 
research suggests that ENSO can be related to warmer drier (cooler wetter) winters in PNW during the El 
Niño (La Niña) phase, with approximately a 6-year cycle (Redmond and Koch, 1991; McCabe and Dettinger, 
1999; Mote et al., 1999). On the other hand, PDO also affects PNW´s local climate, but at lower frequencies 
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(20-40 years), and with a modulating effect on ENSO. The positive (negative) phase of the PDO is 
associated with warmer drier (cooler wetter) winters and it has been related to fire recurrence (Hessl et al., 
2004). Finally, a NAO positive phase with strong westerlies has been linked to reduced winter severity 
(Thompson and Wallace, 2001) and Douglas-fir defoliation in PNW (Nott et al., 2002). 
 
Construction of diameter growth indices 
The objective of EMD is to decompose a time series into a small and finite number of IMFs and a residual 
(trend) component (Huang et al., 1998; Huang and Wu, 2008). The method has been further refined to 
alleviate the signal intermittence problem, creating the EEMD approach (Wu and Huang, 2009), which is a 
Monte Carlo process in which zero-mean Gaussian white noise is added to each EMD decomposition to 
achieve better signal separation. In essence, EEMD seeks to extract oscillatory components embedded in a 
signal series, going from high to low frequency until it cannot find one. At that point, the residual should be 
constant, monotonic, or with only one extremum. Usually, the residual or a combination of the residual with 
either the last one or two IMFs will constitute a growth trend (Guan et al. 2012). Thus, detrending is done in 
a posteriori and, to certain extent, automatic fashion. Because EMD/EEMD decomposes time series based on 
local behaviors and in a sequential manner, there is no need to assume either linearity or stationarity in data. 
It also does not require an a priori structure about the trend, as it is derived intrinsically and adaptively (Wu 
et al., 2007). In addition, because there is no tree-ring data standardization or transformation when using 
EEMD, IMFs are in their natural measuring unit (mm in this case). Therefore, influences of climate variables 
on radial growth can be directly quantified, an advantage compared to traditional detrending methods. As 
and additional advantage, by no needing previous standardization, the issues of using ring width as a proxy 
of radial growth rather than stem basal area increment (Biondi and Qeadan, 2008) are avoided. These 
properties make EEMD an ideal tool for separating oscillatory components from the trend (Guan, 2014).  
The decomposition was based on the EEMD MATLAB codes provided by the Research Center for 
Adaptive Data Analysis of the National Central University of Taiwan (available at 
http://rcada.ncu.edu.tw/research1_clip_program.htm). EEMD run comprised 1,000 EMD runs. The standard 
deviation of the introduced Gaussian white noise was 0.01 of that of the average annual tree ring width series. 
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Five IMFs and a residual term were extracted from the tree ring width series. Basic spectral analysis 
(Legendre and Legendre, 1998) for each IMF was carried out previously to test for correlations among the 
IMFs in order to select the IMFs for the creation of diameter growth indices (DGIs).. 
The first IMF contained the short frequency signal (periodicity ≤ 1 year), and it was not significantly 
different from white noise as tested by both Fisher´s Kappa (p = 0.257) and Bartlett´s K-S (p = 0.163) 
statistics (Zuur et al., 2007). The fifth IMF and the residual term were significantly correlated (r = 0.260, p = 
0.049). Therefore, we considered them as the trend component in the data. We also found a significant 
correlation between the third and fourth IMFs (r = -0.394, p <0.001), but no correlations among them and the 
second IMF. Therefore, we created two DGIs, with DGI-1 being the second IMF and DGI-2 being the sum 
of the third and fourth IMFs (Fig. 3). The correlation between DGI-1 and DGI-2 was not significant (r = 
0.066, p = 0.653). However, both indices significantly correlated with the average annual ring width (DGI-1 
r = 0.450, p < 0.001; DGI-2 r = 0.500, p <0.001). These facts indicated that the DGIs isolated different 
oscillatory components form the original tree ring width series. DGI-1 contained oscillations with 
periodicities between 5 and 9 years, with the most significant periodicity at 8 years. The periodicities in 
DGI-2 ranged from 8 to 14 years, with the last value being the most significant period.  
 
Data analysis 
Temporal features of local climate and relationships with global climate 
 To have a general characterization of the oscillatory properties of the local climate, spectral analysis 
(Legendre and Legendre, 1998) of Westwold´s average annual temperature (Tavg) and annual accumulated 
precipitation (Pann) were carried out To identify the responses of local weather to the changes in the Atlantic 
and Pacific oceans, we used cross-correlation to correlate Westwold´s weather records with the annually 
averaged NAO (Trouet et al., 2009) , NIÑO12 (0ºN–10ºS, 90ºW–80ºW), NIÑO34 (5ºN-5ºS, 170ºW-120ºW) 
(Climate Prediction Center, NOAA, http://www.cpc.noaa.gov/data/indices), and PDO 
(http://jisao.washington.edu/pdo). As no significant relationships were found with NIÑO34, this index was 
discarded for additional analyses (Fig. 2).  
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Guided by the results, we further explored the relationships between monthly temperature and 
precipitation data with the detrended HadISST1 dataset (Rayner et al. 2003), which is a reconstructed 1º  1º 
SST field, grouped into different seasons. We performed spatiotemporal correlations between each climate 
variable and the gridded SST field via the Royal Netherlands Meteorological Institute, Climate Explorer 
website (https://climexp.knmi.nl/) (Trouet and Van Oldenborgh, 2013). 
 
Correlations between growth indices and local climate 
First, we tested for similitudes between the spectra of average annual tree ring width and the Tavg and Pann 
series of Westwold by using a multi-taper version of magnitude squared spectral coherence (Mann and Lees, 
1996; Wright et al., 2015), using the R package multitaper (Rahim, 2014). We used three 2π tapers and a red 
noise background null hypothesis as recommended for instrumental climate records (Ghil et al., 2002).  
We then examined the relationships between DGIs and Westwold´s intra-annual climate data, corrected 
for the study sites (Lo et al., 2011). The climate variables studied were average May temperature and 
accumulated precipitation during the growing (frost-free) season from May to August. These variables were 
identified by Lo et al. (2010b) as the most influential in the short-term on interior Douglas-fir diameter 
growth at this site. The cross-correlations between these two variables and the DGIs were examined at 
various time lags, with the climate variables leading. Growing season precipitation was prewhitened before 
applying the correlation functions. For each DGI, only the highest correlation was retained.  
 
Correlations between growth indices and global climate 
We cross-correlated DGIs with monthly and seasonal NAO, NIÑO12, and PDO indices. Guided by the 
results, we then correlated the DGIs with the detrended HadISST1. Finally, we linked the precipitation of the 
months with the highest cross-correlations to the monthly NAO, NIÑO12, and PDO values between 1950 
and 2003 by finding the periods with the most significant correlations, up to a three-year lag with the climate 
indices leading. Before carrying out all cross-correlations between DGIs and climate variables, outliers 
(identified by Mahalanobis´ distance) were removed, typically 0-2 data per analysis. Residuals´ normality 
(Kolmogorov-Smirnoff test) and homogeneity of variances (Spearman´s test) were tested.  
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To account for autocorrelation in the time series, one way is to adjust for the loss of degrees of freedom. 
Therefore, we estimated the effective degrees of freedom (edf) of the correlation based on the equation edf = 
n (1 - r1r2)/(1 + r1r2), where n is the number of observations , and r1 and r2 are the 1
st
-order autocorrelation 
coefficients of the two trends (Dawdy and Matalas, 1964). The tests of significance for the Pearson´s 
correlation coefficients (r) were based on the edf. We performed the correlations between each DGI and the 
gridded SST field via the Climate Explorer website (see Guan et al., 2012; Trouet and Van Oldenborgh, 
2013; and references therein for detailed description of this procedure). 
Finally, to evaluate the influences of climate oscillations on diameter growth, we started by identifying the 
lags with the highest cross-correlations between the mean annual diameter growth and the monthly NAO, 
PDO and NIÑO12 anomaly indices with the indices leading for the lags identified previously. We then fitted 
a least square regression model to estimate the marginal effects of the identified oceanic indexes and their 
interactions on mean annual diameter growth, with appropriate leads in the independent variables. Residuals 
were tested for normality, homogeneity of variances, and independence (Kolmogorov-Smirnoff test, 
Spearman test, and Durbin-Watson test, respectively). All data analyses were conducted using the JMP 12 
statistical package (SAS, Cary, NC.).  
 
Results 
Temporal features of local climate and relationships with global climate 
 The periodicity of both Westwold´s Tavg and Pann ranged between 2 and 14 years, with the most 
significant periodicity at 4.3 years for Tavg and at 6 years for Pann. Moderate but significant positive 
correlations were found between Tavg and current year PDO (r = 0.408, p = 0.002), previous year NIÑO12 (r 
= 0.367, p = 0.006), and current year NAO (r = 0.284, p = 0.037). As for Pann, significant positive 
correlations were found with PDO (the strongest at a 2-year lag, r = 0.498, p < 0.001). No significant 
correlations were found between Pann and NIÑO12 or NAO at any lag. Such results supported the graphical 
similarity between Westwold´s climate (particularly Pann) and global climate indices (especially PDO) (Fig. 
2). 
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 Spring (March to May) mean temperature and precipitation at Westwold were positively correlated 
with western and tropical Pacific Ocean SST of the current year, the areas of influence of ENSO (Fig. 4a, 4b), 
whereas summer mean temperature (July to September) was negatively correlated with north Atlantic Ocean 
SST of current year (Fig. 4c). Summer precipitation at Westwold was positively correlated with western 
north Pacific and eastern north Atlantic SST, the area of influence of NAO (Fig. 4d). 
Correlations between growing season precipitation and PDO and NAO were significant at a lag of two 
years for both indices (with PDO, r = 0.478, p < 0.001; with NAO, r = 0.276, p = 0.042), suggesting that 
warmer northern Pacific or Atlantic oceans increased precipitation in interior British Columbia two years 
later. No significant correlation was found with the NIÑO12 index. 
 
Correlations between growth indices and local climate 
 Moderate similitudes between frequency spectra (above 90% significance level) were found between 
average tree ring width and Tavg (magnitude squared coherence 0.55) for periodicities of 4-5 years (in the 
range of ENSO events), and between average tree ring and Pann (magnitude squared coherence 0.46) for 
periodicities of 12.5-16.5 years (in the range of the interdecadal components of the PDO and NAO events). 
Such similitudes between tree ring width and climate signals were also expressed by the two DGIs, which 
represented diameter growth signals of different frequencies, reflecting the influences of both local climate 
and endogenous processes. No significant correlations were found between May temperature and both DGIs, 
neither between DGI-1 and growing season precipitation. However, the significant correlation (r = 0.479, p 
< 0.001) between DGI-2 and growing season precipitation (May to August) showed that growing season 
precipitation during the current year had the strongest positive effect on current year´s growth, reflecting the 
influence of available water on tree reserves and therefore on current tree ring growth.  
 
Correlations between growth indices and global climate 
The highest significant cross-correlation between DGI-1 and the NAOAug and NIÑO12May indices were 
found for 1-year lags (both positive correlations), respectively (Fig. 5 top). DGI-1 was also negatively 
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correlated with three-years-before spring SST in the central Pacific (the area of influence of NIÑO12, Fig. 
6a). The most significant negative cross-correlation with the PDO index was found at 1-year lag (Fig. 5 top).  
The graphical resemblance between DGI-2 and PDO index was noticeable (Figs. 2 and 3), resulting in 
strong positive and persistent correlations between both variables at lags 0 to 3 years. Moderate significant 
negative cross-correlations were also found for NAOMay and NAOJune, with the highest values for 3-year and 
1-year lags, respectively, but there were no significant cross-correlations with NIÑO12 (Fig. 5 bottom). 
DGI-2 was correlated negatively with current year growing season SST in the central northern Pacific and 
positively in the central northern Atlantic (the influential areas of PDO and NAO, respectively, Fig. 6b). 
Correlations of DGIs with seasonal indices were of lower magnitude than those for individual months (data 
not shown). 
Our cross-correlation results suggested that the strongest relationships between the mean annual ring 
width and the three oceanic indices occurred with 1-year lagged NIÑO12, 1 to 3-year lagged NAO, and 
3-year lagged PDO. The regression model showed 2-year lagged NAOAug, 3-year lagged PDOMay, and 
previous year NIÑO12March as significant factors, as well as a significant interaction between previous year 
NIÑO12Sep and 2-year lagged NAOAug indices. All the factors together explained approximately 41% of the 
variance (R
2
 = 0.469, R
2
adj = 0.408, RMSE = 0.140, n = 49, p < 0.001).  
 
Discussion   
Relationships between local climate variables and ENSO, PDO, and NAO 
 Our results show that natural SST variability from both the northern Pacific (PDO) and the northern 
Atlantic (NAO) had significant correlations with local precipitation variables in Westwold, although 
correlations with PDO were stronger than with the NAO. A moderate influence of the Pacific SST variability 
on Westwold´s climate is expected. However, the correlation between the Atlantic SST variability and local 
climate does come as a surprise. The topographical position of the study site (in the trench between the 
Coastal and Rocky Mountains and near the Okanagan Lake, a 351 km
2
 water body) has also likely influenced 
the local climate, probably modulating the local responses to large scale atmospheric-oceanic circulations 
(Lo et al., 2010a; Lo et al., 2011).  
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Although the correlations were moderate, they are in the line of previous research done at continental 
scales. Thompson and Wallace (2001) showed the influence that the Atlantic Ocean SST oscillations can 
have influences beyond its region, particularly in the northern Pacific basin and the PNW. McCabe et al. 
(2004) also showed how a large part of the multidecadal drought frequency in the USA can be explained by 
PDO and Atlantic Multidecadal Oscillation combined. Similarly, Biondi et al. (2001) and MacDonald and 
Case (2005), using tree ring chronologies from Alberta to Baja California have shown the influence of PDO 
on tree radial growth in Pacific North America. More recently, Folland et al. (2009) have shown significant 
correlations between NAO and atmospheric pressure and precipitation over Pacific North America. 
Mechanisms have been proposed to explain the influences of both oceans on the climate of interior BC. 
Swings from one phase to another phase can produce large changes in surface air temperature, winds, 
storminess, and precipitation over the Atlantic as well as the adjacent continents (Ambaum et al., 2001; 
Hurrell and Deser, 2009), and be partially transferred through the Arctic Ocean to the northern Pacific Ocean 
(Okumura et al., 2009). The NAO also affects oceans through changes in heat content, gyre circulations, 
mixed layer depth, salinity, high latitude deep water formation, and sea ice cover. Such a relationship 
between PNW precipitation and NAO (Dickson et al., 2000) could become important in the future, because 
as evidence mounts on the influence of human activity on sea-level atmospheric pressure, NAO is probably 
going to increase its intensity with climate change, affecting more the northern Pacific region (Gillett et al., 
2003). 
Some of the ecological consequences of such teleconnections on terrestrial ecosystems in PNW have 
been described before. Kushnir et al. (2010) showed evidence of correlation between warm tropical North 
Atlantic SST variability and North American droughts, particularly in the western coast. They argued that, 
although SSTs in the Pacific Ocean are related to inter-annual variability of precipitation in North America, 
at decadal time scales Atlantic SSTs are the modulating factor. Such a phenomenon can also be seen in our 
results, which indicates how the combination of warm tropical North Atlantic and warm equatorial Pacific 
SSTs were related to growing season droughts in Westwold with a lag of 1 year. Field correlation maps 
between local precipitation and HadlSST1 exhibited a PDO-like pattern (Figs. 4b, 4d), even though 
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precipitation is more affected by the local topography than the global atmosphere system (Redmond and 
Koch, 1991; Burton et al., 2008). 
On the other hand, ENSO seems to have a less direct relationship with local climate than PDO or NAO. 
This is different from previous studies on the western USA, where a strong connection between ENSO and 
drought has been reported (Cook et al., 2007). This lack of direct influence could be due to the geographic 
position of Westwold (Fig. 1), which is more northern than most of the sites studied in western USA, and to 
its local topography, as mentioned earlier. Based on the location for which different ENSO indices can be 
calculated, NIÑO12 is closer to the study place (Allan et al., 1996), and this may explain the detection of 
significant correlations with DGI-1. 
It has been reported that cold ENSO years do not affect North American precipitation as severely as 
PDO when combined with cold north Atlantic conditions (Kushnir et al., 2010; Feng et al., 2011). Such a 
connection may explain the significant interaction between NAO and NIÑO12 indices found in our interior 
Douglas-fir tree ring records. Another explanation of this interaction could be the reported relationship 
between cold tropical Pacific SST, warm North Atlantic SST, and droughts in western North America (Feng 
et al., 2011). In addition, it is reasonable to expect lower influence of ENSO in our sites, as ENSO usually 
starts from the equatorial region while the PDO affects the whole northern Pacific Ocean region (Kaplan et 
al., 1998; Bond and Harrison, 2000). PDO has also been shown to have a modulating effect on ENSO (Hu et 
al., 2011). However, it is important to point out that ENSO still has an important effect on Westwold 
precipitation, but through its interaction with NAO.  
   
Relationships between DGIs and local climate variables 
Tree growth is influenced by the environmental conditions surrounding trees during cell division, 
expansion, and growth. Therefore, if local climate reflects global climatic oscillation as discussed above, 
then local trees will likely respond to these changes. Previous studies on the Canadian Coastal Cordillera 
have found evidences of PDO influencing Douglas-fir radial growth (Larocque and Smith, 2005). Also, Nott 
et al. (2002) reported cycles of defoliation in Douglas-fir forests in interior BC synchronized with changes in 
NAO, and they attributed such changes to the cyclic changes in defoliator populations as winter conditions 
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were affected by NAO. Similarly, Lo et al. (2010b), using traditional dendrochronology techniques, found 
that interior Douglas-fir secondary growth was significantly related to spring PDO values at a site nearby but 
higher in altitude to the one used here.  
The results reported here indicate that such a relationship can be further extended to several years prior 
to current growth season. In addition, the influence Atlantic SST´s variability on Douglas-fir radial growth 
has been detected for the first time in interior BC. A well-defined storm track connects the North Pacific and 
North Atlantic basins, being its intensity and position influenced by NAO (Hurrell and Deser, 2009), and 
growing season precipitation in the Okanagan Valley is strongly affected by storms (Swain and Eng, 1982). 
As soil moisture during the growing season is used by Douglas-fir for diameter and stem elongation 
(Krueger and Trappe, 1967), the role of PDO and NAO on drought in the Okanagan Valley may have 
conditioned tree secondary growth. The synchrony between climate indices and water limiting conditions, 
however, is the opposite in the PNW to the more widely studied in the North American Southwest (McCabe 
et al., 2004; MacDonald and Case, 2005).  
  Lags in the influences of climate indices and diameter growth can arise from a combination of climatic 
and endogenous factors. First, changes in winter and summer SST can affect precipitation on continental 
masses up to two years later. Second, reduced summer soil moisture can make the North America jet stream 
to shift northwards, reducing precipitation and extending drought conditions into autumn and winter 
(Oglesby and Erickson, 1989). Third, water availability in western Canada often depends on snow melting 
(Perez-Valdivia and Sauchyn, 2011). Both NAO and PDO have been related to snowpack in western Canada 
(Moore and McKendry, 1996; Mote, 2006). Soil moisture from snowmelt has been linked to winter sugar 
production and spring root elongation (Krueger and Trappe, 1967; Lo et al., 2010b) . Another 
ecophysiological factor to take into account is needle life span. The flush of needles produced during years 
with high water availability can enhance photosynthesis activity and secondary growth during their life span. 
As needles in Douglas-fir typically last 6-8 years (Balster and Marshall, 2000), favorable soil moisture 
conditions can extend their influence on tree growth for several years. All these factors together could 
explain the autocorrelations and lags up to 3 years in the cross-correlations observed in our results (Fritts 
2001).  
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Using EEMD to analyze tree-ring data enabled us to detect significant correlations between interior 
Douglas-fir ring width and PDO, NAO, and ENSO, which Lo et al. (2010b) were unable to detect using the 
traditional dendroclimatological techniques. Their study explained a maximum of 43% of the ring width 
variability based on short-term (annual, seasonal or monthly) variables such as temperature, precipitations or 
degree-days. Such variables are directly affected by short-term variations (day-night cycle, seasonal cycle, 
convective clouds, storm fronts, heat waves, etc.) or by local features (topography, large water bodies, 
vegetation, etc.) (Lo et al., 2010a). 
On the other hand, phenomena of quasi-periodic climate variations are by definition long-term 
variations in SST and sea level atmospheric pressure (Guan et al., 2012). In our present work, PDO, NAO, 
and ENSO combined were able to explain about 41% of the variability. Multiannual to multidecadal 
variations in these global climate indices were not included in the previous analysis by Lo et al. (2010b). 
Therefore, we consider that most of the variability explained in the results presented here could correspond 
to variability not explained before with the classical detrending methods. This fact would support our initial 
hypothesis that some of the previously unexplained variability in tree ring width records may be related to 
multi-annual to multi-decadal global events such as changes in oceanic SST´s and atmospheric pressure. 
 
Conclusions 
 This research reports the first evidence of the combined influence of both Atlantic and Pacific SST 
variability on tree ring width in interior BC. Although more work is needed to understand the biological 
meaning of the oscillatory components (IMFs), or the issues related to the type of data used to characterise 
stem radial growth (ring width, basal stem area, etc.), the high potential of using EEMD is demonstrated by 
the correlations found between IMFs and climate variables, which are similar or higher than the ones 
obtained using the traditional dendrochronological techniques. Our results also show that complex 
large-scale phenomena can have important influences in tree growth at local scales. Consequently, 
forecasting of potential effects of climate variability on tree growth should incorporate detailed large and 
small-scale analysis of climate, whenever possible. 
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Figure 1.Left panel: Position of the study site in relationship to the main oceans around North America. 
Right panel: Climate of Westwold (1950 – 2003). Dashed line: mean monthly precipitation including snow; 
Solid line: mean monthly temperature; y: number of years considered; T: mean annual temperature (°C); P: 
mean annual amount of precipitation (mm); TM : absolute maximum temperature (°C); tM : mean daily 
maximum temperature (°C); tm: mean daily minimum temperature (°C); Tm : absolute minimum temperature 
(°C). Oblique striped area shows months with an absolute minimum temperature below 0 °C (frost period).  
 
Figure 2. Time series plots of Westowold´s average annual temperature, annual accumulated precipitation, 
and average annual indices of PDO, NIÑO12 and NAO. Lines show 5-year running average. 
 
Figure 3. Annual tree ring growth index and its decomposition into five different IMFs and a residual 
non-IMF trend. In red, the two DGIs (DGI-1 is IMF 2 and DGI-2 is the sum of IMF 3 plus IMF 4). 
 
Figure 4. Correlations between the detrended HadlSST1 sea surface temperature (SST) field and 
Westwold´s (a) average spring temperature (March to May); (b) average summer temperature (July to 
September); (c) accumulated spring precipitation (March to May); (d) accumulated summer precipitation 
(July to September). Only correlations with p < 0.1 are shown. The inverted blue triangle indicates 
Westowold´s situation. 
 
Figure 5. Cross-correlations between the growing indices (DGI-1 and DGI-2) and three monthly climate 
indices (NAO, PDO and NIÑO12) for different lags (in years, with climate indices leading). Red bars 
indicate significant correlations (p < 0.05), with values above the bars indicating the highest Pearson´s r 
coefficient for each variable. 
 
Figure 6. Correlations between the two growth indices (DGIs) and the detrended HadlSST1 sea surface 
temperature (SST) field. (a) DGI-1 and the averaged Marcht-3 to Junet-3 SST, and (b) DGI-2 and the averaged 
Junet-3 to Septembert-3 SST. Only correlations with p < 0.1 are shown. The inverted blue triangle indicates 
Westowold´s situation. 
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